
Platelet-Derived Growth Factor-B Enhances Glioma
Angiogenesis by Stimulating Vascular Endothelial
Growth Factor Expression in Tumor Endothelia and
by Promoting Pericyte Recruitment

Ping Guo,* Bo Hu,† Weisong Gu,* Li Xu,*
Degui Wang,‡ Hui-Jen Su Huang,‡

Webster K. Cavenee,‡ and Shi-Yuan Cheng*
From the Departments of Pathology * and Medicine,† University of

Pittsburgh Cancer Institute, Pittsburgh, Pennsylvania; and the

Ludwig Institute for Cancer Research,‡ San Diego Branch and

Department of Medicine and Center for Molecular Genetics,

University of California San Diego, La Jolla, California

Platelet-derived growth factor (PDGF)-B and its recep-
tor (PDGF-R) � are overexpressed in human gliomas
and responsible for recruiting peri-endothelial cells
to vessels. To establish the role of PDGF-B in glioma
angiogenesis, we overexpressed PDGF-B in U87MG
glioma cells. Although PDGF-B stimulated tyrosine
phosphorylation of PDGF-R� in U87MG cells, treat-
ment with recombinant PDGF-B or overexpression of
PDGF-B in U87MG cells had no effect on their prolif-
eration. However, an increase of secreted PDGF-B in
conditioned media of U87MG/PDGF-B cells promoted
migration of endothelial cells expressing PDGF-R� ,
whereas conditioned media from U87MG cells did not
increase the cell migration. In mice, overexpression
of PDGF-B in U87MG cells enhanced intracranial gli-
oma formation by stimulating vascular endothelial
growth factor (VEGF) expression in neovessels and by
attracting vessel-associated pericytes. When PDGF-B
and VEGF were overexpressed simultaneously by
U87MG tumors, there was a marked increase of cap-
illary-associated pericytes as seen in U87MG/VEGF165/
PDGF-B gliomas. As a result of pericyte recruitment,
vessels induced by VEGF in tumor vicinity migrated
into the central regions of these tumors. These data
suggest that PDGF-B is a paracrine factor in U87MG
gliomas, and that PDGF-B enhances glioma angiogen-
esis, at least in part, by stimulating VEGF expression
in tumor endothelia and by recruiting pericytes to
neovessels. (Am J Pathol 2003, 162:1083–1093)

Progressive angiogenesis is composed of two distinct
processes. In response to nearby stimuli, vascular endo-
thelial cells (ECs) migrate to the tips of capillaries where
they proliferate and form lumenal structures and vacu-

oles, which in turn connect with each other to form new
tubes. These new tubes then fuse to forming vascular
networks. Pruning of the vessel networks occurs and the
vasculature is optimized. Finally, cells such as smooth
muscle cells (SMCs) and pericytes are recruited and
form a layer that encapsulates the endothelium to confine
and support the newly formed vasculature.1 Vascular
endothelial growth factor (VEGF) is a major angiogenic
factor that promotes the EC proliferation, migration, ves-
sel sprouting, vessel permeability, and the remodeling of
emerging vessels.2 Several other growth factors are re-
sponsible for recruiting SMCs/pericytes to new naked
vessels or capillary walls during the second stage of
angiogenesis. The growth factors include angiopoietins,3

transforming growth factor-�,4 and platelet-derived
growth factor (PDGF).5 PDGF is a potent mitogen and
chemoattractant for mesenchymal cells and fibroblasts.
PDGF is composed of A, B, C, and D polypeptide chains
that form the homodimers PDGF-AA, BB, CC, and DD
and the heterodimer PDGF-AB. Its biological activities
are linked to two tyrosine kinase receptors, PDGF-� and
-� receptors (PDGF-R� and PDGF-R�). PDGF-R� binds
to PDGF isoforms AA, BB, AB, and CC, whereas
PDGF-R� interacts at a higher affinity with PDGF isoforms
BB and DD.6

Accumulated evidence has shown that PDGF-B plays
an important role in angiogenesis. Genetic studies have
demonstrated that PDGF-B7–9 and PDGF-R�10 are in-
volved in vessel maturation through the recruitment of
SMCs and pericytes to growing vessels during embry-
onic development. Mice deficient in either PDGF-B7 or
PDGF-R�10 developed hemorrhages or edemas during
the later stages of embryogenesis. The vascular defects
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in PDGF-B- or PDGF-R�-deficient embryos were attrib-
uted to an inability to attract PDGF-R�-positive pericytes
to the developing capillaries8 and to the developing kid-
ney glomerular capillary tuft.11 These results suggested
that PDGF-B recruits the PDGF-R�-positive mesenchy-
mal cells into growing vessels.8,9 Increased PDGF and
PDGF-R expression have also been implicated in the
progression of human cancers including gliomas.12–14 In
human glioblastomas, PDGF-R� expression is increased
in tumor cells, whereas PDGF-R� expression is elicited in
neovascular ECs, indicating both autocrine and para-
crine actions of PDGF in tumor growth and angiogene-
sis.15 Overexpression of PDGF-B enables nontumori-
genic human keratinocytes to form tumors in vivo.
Exogenously expressed PDGF-B increased proliferation
of stromal cells and enhanced angiogenesis in these
tumors.16 In vitro, PDGF-B acts on vascular ECs that
express PDGF-R� promoting tube formation.17 PDGF-B
also increases the expression of several angiogenic fac-
tors that include increased VEGF expression in fibro-
blasts18 and ECs.19 However, the mechanism by which
PDGF-B augments angiogenesis and tumor formation in
vivo, remains unknown. In this report, we investigated the
role of PDGF-B in human glioma angiogenesis by over-
expressing PDGF-B in U87MG glioma cells. Our results
show that PDGF-B is a paracrine growth factor for
U87MG glioma tumorigenesis, and acts, at least in part,
by stimulating VEGF expression in tumor endothelia that
leads to increased EC proliferation and by promoting
pericyte cell recruitment.

Materials and Methods

Cell Lines and Reagents

U87MG and porcine aorta endothelial (PAE) cells and their
culture were described previously.20 PAE cells lack endog-
enous VEGFR and PDGF-R�. The PAE cells that stably
express wild-type PDGF-R� (PAE/PDGF-R�) were gener-
ated previously.19 A cDNA for PDGF-B in a pcDNA3
expression vector was provided by Dr. D. Bowen-Pope at
the University of Washington, Seattle, WA.

Western Blot Analyses of Receptor Tyrosine
Phosphorylation

Immunoblotting of PDGF receptor tyrosine phosphoryla-
tion was performed as described previously.19 Briefly,
serum-starved U87MG or PAE cells were stimulated with
a human recombinant PDGF-B protein (R&D Systems,
Minneapolis, MN) or 0.1% bovine serum albumin (con-
trol). The PDGF-R� in the cell lysates was immunopre-
cipitated by a polyclonal anti-human PDGF-R� antibody
(Upstate Biotechnology, Lake Placid, NY), separated,
and transferred onto a nitrocellulose membrane. The
membrane was then blocked, and probed with a mono-
clonal antibody against phosphotyrosine (4G10, Upstate
Biotechnology). Phosphorylation of PDGF-R� was then
detected. PDGF-R� proteins in the blot were identified
using the anti-human PDGF-R� antibody.

Generation of U87MG Cell Lines that Stably
Overexpress PDGF-B

Transfected U87MG cell clones that stably express
PDGF-B were generated by methods as described pre-
viously.20 Briefly, PDGF-B cDNA was transfected into
U87MG- or U87MG VEGF165-expressing cells. A pool of
resultant clones was then harvested and sorted using a
fluorescence-activated cell sorter into 96-well flat-bottom
plates with 200 �l of Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen/Life Technologies, Inc., Grand Island,
NY) supplemented with 15% heat-inactivated cosmic calf
serum (Hyclone, Salt Lake City, UT). The clones that ex-
pressed exogenous biologically active PDGF-B were iden-
tified by Northern blot, PDGF-B enzyme-linked immunosor-
bent assay (ELISA), and EC migration analyses.

Northern Blot, VEGF ELISA, and PDGF-B ELISA
Assays

RNA purification and Northern blot analysis were performed
as previously described.21 Hybridization was performed
using a 32P-labeled PDGF-B cDNA probe (2.2 kb).

To generate conditioned media (CM), the cells were
seeded at 3.0 � 105 cells/well in 12-well plates. Twenty-
four hours later, the media was changed to DMEM/0.5%
bovine serum albumin/1% dialyzed fetal bovine serum
(Sigma, St. Louis, MO). After an additional 24 hours, the
media was replaced and the cells were then allowed to
grow for an additional 48 hours. The resultant CM was
collected and subsequently used for ELISA and EC mi-
gration assay analyses. PDGF-B ELISA analysis (R&D
Systems) was performed according to the manufacturer’s
instruction with minor modifications. The PDGF-B con-
centrations in the CM were calculated from a standard
curve generated by a recombinant human PDGF-B pro-
tein. VEGF ELISAs were done using collected CM as
described previously.20

The amounts of VEGF in various tumor lysates were
measured as reported previously.22,23 Briefly, estab-
lished brain tumors (parental U87MG- or PDGF-B-ex-
pressing) were removed and immediately frozen on dry
ice. Lysates were made by homogenizing 100 mg of
frozen tumor tissues per ml of lysis buffer (10.0 mmol/L
Tris-HCl, pH 7.5, supplemented with 1% Nonidet P-40,
1.0 mmol/L phenylmethyl sulfonyl fluoride, 1.0 mmol/L
leupeptin, and 0.2 trypsin-inhibiting U/ml aprotinin). The
homogenate was passed three times through a 25-gauge
needle and then centrifuged at 2000 rpm at 4°C for 15
minutes to remove debris. Proteins in the clarified lysates
were then quantified. The amounts of VEGF in the lysates
were measured using a human VEGF ELISA kit according
to the manufacturer’s instruction (Quantikine human
VEGF, R&D Systems). The VEGF amounts were recorded
as pg of VEGF per �g of total proteins in the lysates.

EC Migration Assay

EC migration assays were performed using PAE cells that
express exogenous PDGF-R�.19 After serum starvation,
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50 �l of the cell suspension of 1 � 106 cells/ml was
placed in the top wells of a modified Boyden chamber.
The lower wells contained either 25 �l of CM of various
cells or plain media containing 10 ng/ml of human recom-
binant PDGF-B proteins. The lower wells also included
either 50 �g/ml of a neutralizing anti-PDGF-B antibody
(AB-220-NA) or a purified goat IgG protein (R&D Sys-
tems). Human recombinant VEGF proteins (10 ng/ml) or a
neutralizing anti-VEGF antibody (MAB-293; R&D Sys-
tems) were also added into some samples. After a 5-hour
incubation, the filters were fixed, stained, and mounted.
Nonmigrated cells on the upper surface were carefully
wiped off with a cotton swab. Migrated cells were
counted in 10 randomly chosen high-power fields (�400
total magnification) per filter.20,24

Proliferation of U87MG Cells that Stably
Express PDGF-B

The parental and U87MG PDGF-B-expressing cells were
seeded at 2.0 � 104 cells/well in 24-well plates. On the
next day, the media was changed to DMEM/0.5% bovine
serum albumin/1% dialyzed fetal bovine serum. After a
16-hour incubation, the media was again replaced with
fresh media. To the PDGF-B-overexpressing cells, the
neutralizing anti-PDGF-B antibody or its isotype IgG (50
�g/ml) was added to the culture media. To the parental
U87MG cells, recombinant PDGF-B proteins (50 ng/ml)
were included. The cells were harvested and counted at
indicated times. The CM from these cells was collected at
the same time points as indicated above. The amount of
VEGF in the CM was assessed by the VEGF ELISAs.20

Intracerebral Stereotactic Implantation, Mouse
Brain Tissue Management, BrdUrd
Incorporation, and Immunohistochemical
Analyses

Intracerebral stereotactic implantation and preparation of
frozen brain samples was performed as described.20 To
estimate tumor volumes, thin cryostat sections (5 �m)
were stained with hematoxylin and tumor dimensions
were captured by a SPOT digital camera (Diagnostic
Instruments, Inc., Sterling Heights, MI) by a �2 objective
equipped on an Olympus BX51 microscope. Tumor di-
mensions were measured in mm2 using an image analy-
sis program (Image Pro Plus, Version 4.1; Media Cyber-
netics, L.P., Silver Spring, MD). The areas were then
multiplied by the thickness of the section (5 �m) to yield
a section volume measurement. The volumes of all of the
sections were added to arrive at the total volume for each
tumor.20,24,25 To evaluate the proliferative activities of
glioma and ECs in vivo, 300 �l of BrdUrd solution (Amer-
sham, Piscataway, NJ) was injected intraperitoneally into
one group of mice 30 minutes before the animals were
sacrificed. The brains of these mice were fixed and em-
bedded as described.25,26 Mouse brain sections were
analyzed using the following primary antibodies: rat anti-
mouse CD31 antibody (MEC13.3; BD-PharMingen, San

Diego, CA), rabbit polyclonal anti-VEGF antibody (A-20;
Santa Cruz Biotechnologies, Santa Cruz, CA), goat anti-
human PDGF-B antibody (AB-220-NA; R&D Systems),
rabbit anti-desmin antibody (Chemicon, Temecula, CA),
rabbit anti-von Willebrand factor (DAKO, Carpinteria,
CA), and an anti-BrdUrd antibody (Amersham). The im-
munohistochemistry analyses were performed as de-
scribed previously.20,24,25

Quantitative Analysis of Immunohistochemistry
Data

Quantitative analysis of the blood vessel or pericyte den-
sities of tumor samples was done on serial-cut brain
sections that were stained by the anti-CD31 antibody or
the anti-desmin antibody without counter staining.20,24,25

Five to seven serial-cut brain sections from each individ-
ual mouse were analyzed. Captured images (10 to 15
random areas per slide) were imported into the Image
Pro Plus program. The mean values of calculated densi-
ties from serial sections of separate mouse brains (five or
more individual mouse) in each group were used for the
quantitative analysis. The blood vessel or pericyte den-
sities were calculated as the ratio of positively stained
areas to the total area of the image or field.20,24,25

The frequency of tumor-associated hemorrhage was
determined by examining the existence of clusters of red
blood cells within the tumor areas or at peripheries of the
tumors under light microscopy after the brain sections
were stained with hematoxylin and eosin.20

The proliferative index of tumor cells or ECs in various
gliomas was assessed by double staining of the paraffin-
embedded tumor samples that were in vivo labeled by
BrdUrd. Immunofluorescent staining was performed us-
ing the anti-BrdUrd antibody (red fluorescent color) and
the anti-von Willebrand factor antibody (green fluores-
cent color) on these tumor sections. After the photo-
graphs were taken, nuclei in these tissue sections were
stained by a Hoescht dye 33258 (blue fluorescent color.
Sigma). Five serial-cut brain sections from each individ-
ual mouse were analyzed. More than 2000 cells were
examined in each section. The mean values of the serial
sections from six separate mouse brains in each group
were used for the quantitative analysis. The proliferation
index of BrdUrd incorporation in tumor cells or ECs was
calculated as a percentage of positive nuclei (red fluo-
rescent color) to total numbers of nucleus (blue color) or
to the total vessel densities (green color) within the same
areas of the section under fluorescent microscopy.25,26

Results

PDGF-B Stimulated the Phosphorylation of
Endogenous PDGF-R� in U87MG Cells

PDGF-B binds to PDGF-R� with high affinity.27 Therefore,
we first examined whether the phosphorylation of endog-
enous PDGF-R� could be stimulated by PDGF-B in
U87MG cells. Protein analyses shows that U87MG cells
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express the endogenous PDGF-R� at 180 kd (Figure 1,
bottom). On treatment of U87MG cells with a human
recombinant PDGF-B, the tyrosine residues on the
PDGF-R� were phosphorylated (Figure 1, top). In con-
trast, low levels of endogenous PDGF-B [Figure 2A (top,
3.8-kb-sized mRNA messages) and B] were not sufficient
to cause tyrosine phosphorylation of endogenous
PDGF-R� in U87MG cells (Figure 1, top, untreated lane in
U87MG sample). In addition, low levels of PDGF-R� and
PDGF-AA expression were also found in U87MG cells
(data not shown).

Stable Overexpression of PDGF-BB in U87MG
and U87MG/VEGF165 Cells

We stably transfected U87MG and U87MG/VEGF165 cells
with PDGF-B cDNA and isolated single neomycin-resis-
tant cells using a fluorescence-activated cell sorter. Fif-
teen U87MG and nine U87MG/VEGF165 clones express-
ing abundant exogenous PDGF-B messages (Figure 2A;
top, ‹, 0.8 kb) were identified by Northern blot analysis.
Low-level expression of the 3.8-kb endogenous PDGF-B
transcript in the parental U87MG- or PDGF-B-overex-
pressing cells was also detected (Figure 2A; F, 3.8 kb).
Methylene blue staining of 18 S and 28 S ribosomal RNA on
the nylon membrane after the RNA was transferred demon-
strates that the amounts of RNA of each clone in the assays
were approximately equal (Figure 2A, bottom).

We next performed PDGF-B ELISAs to analyze the
amount of secreted PDGF-B protein in the CM collected
after a 48-hour culture. Clones of both types of U87MG-
PDGF-B-overexpressing cells secreted PDGF-B at con-
centrations of 15.5 to 20.1 ng/ml/106 cells (Figure 2B).
This is consistent with increased levels of exogenous
PDGF-B mRNA in U87MG PDGF-B-expressing cells (Fig-
ure 2A). In contrast, the parental U87MG or U87MG/
VEGF165 cells only secreted 0.5 ng/ml/106 cells into the
CM after a 48-hour cell culture (Figure 2B). Among the

Figure 2. Expression of exogenous PDGF-B in U87MG glioma cells. A:
Northern blot analysis. Top: Samples of the parental U87MG and two
types of PDGF-B-overexpressing cells are shown. In each class, four
individual PDGF-B-expressing clones are presented. Endogenous (F, 3.8
kb) and exogenous (‹, 0.8 kb) PDGF-B transcripts and their descriptions
are in the text. Bottom: Methylene blue staining of the membrane after
RNA was transferred into the membrane. f: 18 S and 28 S ribosomal RNA
species. Duplicate experiments yielded similar results. B: PDGF-B ELISA
analyses. Cells (3 � 105) of the parental U87MG- or PDGF-B-expressing
cells or VEGF165- or VEGF165/PDGF-B-expressing cells were seeded onto
12-well plates in triplicate. On the next day, the media was replaced with
DMEM/0.5% bovine serum albumin/1% dialyzed fetal bovine serum for
another 24 hours. CM was collected after the cells were cultured for an
additional 48 hours. Each bar represents the mean � SEM of three
triplicates. Identical experiments were also performed using CM of other
PDGF-B-overexpressing clones, B-26, B-34, V/B-11, and V/B-33. The
assays were performed two additional times using cells of various passage
numbers with similar results.

Figure 1. PDGF-B activates endogenous PDGF-R� in U87MG glioma cells.
PAE, PAE-PDGF-R�, and U87MG cells were serum-starved overnight. The
cells were then treated with 50 ng/ml of a human recombinant PDGF-B
protein at 37°C for 15 minutes. The cell lysates were subjected to immuno-
blotting for detection of tyrosine phosphorylation on PDGF-R�. The mem-
brane was then reprobed with an anti-human PDGF-R� antibody. The
PDGF-R� protein runs as a 180-kd band in a 7.5% SDS-PAGE gel (bottom).
Duplicate experiments yielded identical results.
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positive clones that we identified, four clones that over-
expressed PDGF-B at high levels were selected for sub-
sequent studies [Figure 2, A (top) and B]. These clones
are U87MG/PDGF-B/4, -B/26, -B/34, and -B/40 (referred
to as B-4, B-26, B-34, and B-40, respectively); and
U87MG/VEGF165/PDGF-B/11, PDGF-B/22, PDGF-B/32,
and PDGF-B/33 (referred to as V/B-11, V/B-22, V/B-32,
and V/B-33, respectively). U87MG/VEGF165 will be re-
ferred to as V. Thus, we have obtained several clones of
the two types of U87MG cells that are stably expressing
high levels of PDGF-B proteins.

Secreted PDGF-B Elicited PAE/PDGF-R� Cell
Migration

We next sought to determine the biological activity of the
overexpressed PDGF-B in U87MG cells. We measured
EC migration stimulated by PDGF-B in vitro using a PAE/
PDGF-R� cell line that previously has been used for
assessing the activities of PDGF-B.19 The levels of migra-
tion are reflective of the activity of PDGF-B secreted into
the CM by different PDGF-B-overexpressing cells. Two
PDGF-B-overexpressing cloned cell lines of each type,
B-4, B-40, V/B-22, and V/B-32, had strong effects in
promoting PAE/PDGF-R� cell migration (Table 1). Next,
we determined whether PDGF-B was the factor that stim-
ulated PAE/PDGF-R� cell migration by including a neu-
tralizing anti-PDGF-B antibody in the assay (Table 1). The
neutralizing anti-PDGF-B antibody completely blocked
the stimulation of cell migration elicited by 10 ng/ml of
purified human recombinant PDGF-B or the CM of the
PDGF-B-overexpressing cells. The specificity of this inhibi-
tion was demonstrated by showing that purified normal goat
IgG (a control) had no affect on cell migration. The low
levels of endogenous PDGF-B in the parental U87MG or
U87MG/VEGF165 cells (Figure 2B) also did not have any
observable effect on the migration of the PAE/PDGF-R�
cells. When a neutralizing monoclonal anti-VEGF antibody
was included in the assay, suppression of VEGF activity20 in
the CM had no effect on the promotion of EC migration
(Table 1). In addition, a recombinant human VEGF165 pro-
tein did not cause any observable migration of PAE/
PDGF-R� cells (data not shown). Thus, these data demon-
strate that PDGF-B was the component in the CM that
stimulated PAE/PDGF-R� cell migration in vitro.

Overexpression of PDGF-B in U87MG Cells Did
Not Affect Proliferation or VEGF Secretion of
These Cells in Vitro

PDGF-B stimulates cell proliferation of fibroblasts and
mesenchymal cells27 by binding to PDGF-R�s that are
expressed by these cells. PDGF-B also increases VEGF
secretion in PAE/PDGF-R� cells.19 Because U87MG cells
express endogenous PDGF-R� (Figure 2), we sought to
determine whether PDGF-B acts through autocrine
growth stimulation by affecting the growth rate and levels
of VEGF expression in U87MG glioma cells. We found
that treatment of the parental U87MG cells by the recom-
binant human PDGF-B protein did not affect cell growth.
Similarly, the proliferation of parental U87MG cells or the
U87MG/VEGF165 cells was not altered by overexpression
of PDGF-B in U87MG cells. In both cases, inclusion of
neutralizing anti-PDGF-B antibody or an isotype-matched
IgG in the cell cultures did not affect the proliferation
rates of the parental U87MG- or PDGF-B-expressing cells
(data not shown).

Next, we examined whether the levels of VEGF secre-
tion in the parental U87MG, or PDGF-B, or V/B cells were
modified by overexpression of PDGF-B in these cells. We
collected CM from the same sets of cultured cells as
described above and assessed the VEGF production
using a VEGF ELISA in the presence or absence of the
neutralizing anti-PDGF-B antibody or an isotype-matched
IgG. We found that treatment with the recombinant hu-
man PDGF-B protein or overexpression of PDGF-B by
U87MG cells did not stimulate VEGF expression in these
cells. There were minimal variations in the level of VEGF
secretion among the parental U87MG and the various
clone cell lines (data not shown). We also measured the
levels of secreted VEGF from U87MG cells and its trans-
fectant derivatives after 48 hours in cell culture before
injection into mouse brains (see below). In a total of five
separate intracranial inoculation experiments, the aver-
age amounts of VEGF secreted from the cells into the CM
(expressed as ng/ml/106 cells � SD) were: U87MG,
45.2 � 5.62; B-4, 45.4 � 4.74; B-40, 50.1 � 11.0;
VEGF165, 588.5 � 85.1; V/B-22, 565.1 � 86.7; and V/B-
32, 493.6 � 74.8, respectively. The growth rates and the
VEGF secretion of the other two clones in each type
(B-26, B-34, V/B-11, and V/B-33) were also similar (data

Table 1. Cells Overexpressing PDGF-B Have Increased Abilities to Elicit PAE/PDGF-R� Cell Migration

CM No addition*
� PDGF-neutralizing

antibody*
� Normal goat

IgG*
� VEGF-neutralizing

antibody*

Media 608.7 � 30.8 ND ND ND
rhPDGF 1861.0 � 46.7 721.0 � 83.2 1858.0 � 8.8 ND
U87MG 652.1 � 36.7 559.7 � 33.2 752.8 � 18.8 694.4 � 34.5
B-4 1253.0 � 29.7 492.3 � 47.1 1200.0 � 64.5 1379.7 � 29.3
B-40 1998.0 � 72.1 817.7 � 15.1 2024.0 � 74.1 2081.3 � 93.4
V 687.3 � 40.3 634.4 � 36.1 690.2 � 37.4 703.3 � 51.7
V/B-22 1939.0 � 79.8 548.7 � 38.7 2122.3 � 93.6 2199.0 � 48.2
V/B-32 1273.7 � 28.5 597.7 � 9.6 1385.7 � 37.3 1385.3 � 3.0

*, n � 3.
ND, not done.
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not shown). In addition, when a PAE cell line that ex-
presses exogenous VEGF receptor-2 (PAE/KDR)20 was
used in identical assays, no enhancement of the PAE/
KDR migration elicited by the recombinant PDGF-B or the
CM of the PDGF-B-expressing cells was found (data not
shown). Thus, overexpression of PDGF-B in U87MG cells
did not alter the cell proliferation or VEGF secretion in
vitro. Thus, in human U87MG glioma cells (Figure 1),
PDGF-B does not stimulate VEGF secretion or the cell
growth rate in vitro by an autocrine mechanism.

Overexpression of PDGF-B Increased the
Tumorigenicity of U87MG Gliomas in Mouse
Brains

We then determined whether overexpression of PDGF-B
by U87MG cells would enhance glioma tumorigenesis
and angiogenesis.8 We stereotactically implanted the pa-
rental U87MG or B-4 or B-40 cells into mouse brains. In
general, mice that received 5 � 105 of U87MG cells
developed intracranial gliomas of a volume of 56.00 �
2.3 mm3 or larger such that mice succumbed in 40.2 �
2.2 days.20,21,24,25 However, as shown in Table 2,20 all
mice that received U87MG PDGF-B-overexpressing cells
developed tumors of a volume of 51.2 � 3.2 mm3 or
larger (n � 12, P � 0.001) in 22.4 � 1.4 days after
implantation. In contrast, all of the mice that were im-
planted with parental U87MG cells grew much smaller
sized brain tumors (16.2 � 4.2 mm3, n � 8, P � 0.001) in
a similar period of time (21.5 � 4.2 days). Thus, overex-
pression of PDGF-B by U87MG gliomas increased intra-
cranial tumor growth.

PDGF-B Promoted U87MG Glioma
Angiogenesis by Increasing VEGF Expression in
Tumor ECs and Enhances Proliferation of Both
Endothelial and Tumor Cells

It has been demonstrated that PDGF-B stimulates vascu-
lar ECs that express PDGF-R� to form tube-like networks
in vitro.28 Overexpression of PDGF-B in tumor cells has
also been shown to increase stromal and EC proliferation
in vivo.16 When we examined angiogenesis in the parental
U87MG and PDGF-B-expressing tumors, we found a
3.47-fold increase of vessel densities in the PDGF-B-
overexpressing tumors in comparison to that in the tu-
mors formed by the parental U87MG cells [Figure 3A

(compare a with b) and B]. We have previously shown
that PDGF-B stimulates VEGF expression in PAE/
PDGF-R� cells in cell culture.19 We hypothesized that the
increased tumor angiogenesis in the U87MG PDGF-B-
overexpressing tumors could be because of an up-reg-
ulation of VEGF levels occurring in the tumor endothe-
lium. To test our hypothesis, we analyzed the various
U87MG tumors by double-fluorescent immunostaining
using a polyclonal anti-VEGF antibody and a rat anti-
CD31 antibody. We found increased levels of VEGF ex-
pression in tumor vessels in U87MG PDGF-B-overex-
pressing tumors. In contrast, little or no VEGF expression
could be found in the neovasculature in the parental
U87MG gliomas (Figure 3A, arrows, compare e with f). In
addition, comparable levels of VEGF proteins were de-
tected in tumor cells in both parental U87MG- (Figure 3A,
e) and PDGF-B-expressing tumors (Figure 3A, f).

To further support our observation, we assessed the
levels of VEGF expression in the parental U87MG- or
PDGF-B-expressing tumors using VEGF ELISA analyses.
Because VEGF ELISAs require clarifying tumor lysates
and the measured VEGF levels have to be normalized by
determining the total proteins in the tumor lysates that are
subjected to the VEGF ELISAs, a microdissection ap-
proach on the frozen or paraffin brain sections was not
successful. We then performed VEGF ELISA analyses as
described in the Materials and Methods.22,23 Five indi-
vidual parental U87MG- or PDGF-B-expressing gliomas
were analyzed. The mean value of VEGF detected in the
tumor lysates of the parental U87MG tumors was 317.3 �
40.1 pg of VEGF per �g of total protein (n � 5). In
contrast, VEGF levels detected in the tumor lysates of the
PDGF-B-expressing tumors were 1453 � 137.4 pg of
VEGF per �g of total protein (n � 5, P � 0001). A
4.58-fold increase of VEGF expression in the PDGF-B-
expressing gliomas is sufficient to cause the elicited
neovessel growth in the PDGF-B-expressing tumors (Fig-
ure 3). These results corroborate with our previous ob-
servation of a correlated increase of vessel densities and
VEGF amounts detected in human primary glioma tissue
specimens22 or in several human glioma mouse models
including the U87MG intracranial tumors.23

To establish whether overexpression of PDGF-B in-
creased cell proliferation in the U87MG PDGF-B overex-
pression tumors, we measured the levels of cell prolifer-
ation in the U87MG gliomas by in vivo BrdUrd labeling.
Cells that had incorporated BrdUrd were then visualized
by using immunostaining of the tumors with an anti-
BrdUrd antibody.25,29 To demonstrate whether the ele-

Table 2. Overexpression of PDGF-B in U87MG Cells Promoted Tumorigenicity and Angiogenicity in Vivo

Cells
Secretion of VEGF

(ng/106/cells)
Tumor volumes

(mm3, mean � SEM) Hemorrhage
Days after

implantation

U87MG 45.0 16.2 � 4.2 (n � 8) 0/8 (0.0%) 21.5 � 4.2
PDGF-B 45.8 51.2 � 3.2 (n � 12) (P�0.001) 0/12 (0.0%) 22.4 � 1.4
V � U87MG 150.0 9.02 � 0.7 (n � 14) 14/14 (100%) 5.14 � 0.2
V/B � PDGF-B 150.0 8.60 � 1.2 (n � 14) 1 /14 (7.1%) (P � 0.001) 5.32 � 0.07
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vated VEGF expression in ECs in the PDGF-B-expressing
tumors could promote vessel growth, we performed dou-
ble-immunofluorescent staining using the anti-BrdUrd an-
tibody and an anti-von Willebrand factor antibody in var-
ious paraffin-embedded U87MG gliomas that were
labeled by BrdUrd. As shown in Figure 4, the BrdUrd
incorporation was increased by 1.89-fold in total labeled
cells (both tumor cells and ECs) and by 2.08-fold in

proliferative ECs in the U87MG PDGF-B-overexpressing
tumors relative to the parental U87MG tumors [Figure 4, A
(a and b) and B]. The significant elevated EC proliferation
in the PDGF-B tumors support the observation that the
PDGF-B-expressing gliomas had increased VEGF ex-
pression in the tumor endothelia (Figure 3A, f) and in-
creased blood vessel densities [Figure 3, A (b) and B].
These results suggest that PDGF-B overexpressed by the
U87MG tumor cells acted in a paracrine pathway to
stimulate VEGF expression in tumor endothelia, thus in-
creasing EC proliferation that led to increased neovascu-
larization.

PDGF-B Promoted U87MG Glioma
Angiogenesis by Recruiting Capillary-Associated
Pericytes into Growing Neovessels

We next examined the overexpression of PDGF-B in the
gliomas by immunostaining with an anti-PDGF-B antibody.
Strong cytoplasmic expression of PDGF-B was detected in
both the PDGF-B (Figure 3A, h) and V/B tumors (Figure 5A,
h). Only low levels of endogenous PDGF-B were found in
parental U87MG (Figure 3A, g) and the VEGF165-express-
ing gliomas (Figure 5A, g). During angiogenesis, in addition
to stimulating vascular EC proliferation by increasing VEGF
expression in ECs19 and fibroblasts,18 PDGF-B augments
vessel growth by recruiting SMCs/pericytes into developing
vessels.8,9,11 To establish that the increased recruitment of
SMCs/pericytes was associated with enhanced neovascu-
larization in the PDGF-B-expressing tumors, we analyzed
the brain tissues using a monoclonal anti-� smooth muscle
actin antibody.9 No detectable immunopositive SMCs were
present in the tumor vessels of either the parental U87MG-
or the PDGF-B-expressing tumors (data not shown). More-
over, it has been demonstrated that desmin is a specific
cellular marker that is expressed in pericytes and SMC-

Figure 3. PDGF-B enhances U87MG glioma angiogenesis by increasing
VEGF expression in tumor ECs and by recruiting vessel-associated pericytes.
A: Immunohistochemical analyses of gliomas formed by the parental
U87MG- and PDGF-B-expressing cells. The analyses were performed with a
rat monoclonal anti-CD31 antibody (a and b), a polyclonal anti-desmin antibody
(c and d), a polyclonal anti-VEGF antibody (red color) together with the
anti-CD31 antibody (green color, e and f) and a polyclonal anti-PDGF-B anti-
body (g and h). Arrows show positive staining for blood vessels (a and b)
or pericytes (c and d). In e and f, arrows indicate blood vessels in the
tumors. Arrowheads indicate VEGF staining. In f, most of the vessels were
stained by both the anti-VEGF and the anti-CD31 (vessels) antibodies (or-
ange color). a, c, b, and d: Immunohistochemical staining in identical areas
of serial sections from the same individual mouse brains. Six or more
individual tumor samples of each type were analyzed. Experiments were
repeated two additional times with similar results. B: Increased vessel den-
sities and recruitment of vessel-associated pericytes in U87MG PDGF-B-
expressing gliomas. Quantitative analyses of immunohistochemistry data that
are shown in a, b, c, and d were done as described in Materials and Methods.
The representative immunohistochemical stains from the parental U87MG-
and PDGF-B-expressing gliomas are shown in a and b (vessel stains) or c
and d (desmin stains). In each analysis, 10 to 15 random areas within the
same tissue section were examined. The mean values of five to seven serial
sections from six to seven separate mouse brains in each group were used for
the quantitative analyses. Data are presented as means � SD. Numbers above
each column are the numbers of mice analyzed in each group. Numbers in
the parentheses under the x axis are the fold difference of the densities found
in U87MG- and PDGF-B-expressing gliomas compared with that in parental
U87MG tumors. Original magnifications in A: �200 (a, b); �400 (c, d, e, f,
g, and h).
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negative mesenchymal cells.8,9,11 Therefore, we examined
the expression of desmin in the parental U87MG- or PDGF-
B-expressing tumors using an anti-desmin antibody. We
found a 5.72-fold increase of desmin-positive vessels in the
PDGF-B-expressing tumors relative to the parental U87MG

tumors [Figure 3, A (c and d) and B]. Interestingly, the
increased amount of recruited pericytes in these tumor ves-
sels (5.72-fold) is in parallel to the elevated vessel densities
(3.47-fold) detected in these PDGF-B tumors [Figure 3, A
(b) and B].

Figure 4. Overexpression of PDGF-B increased both tumor and EC proliferation. A: Immunohistochemical analyses of gliomas formed by parental U87MG- and
PDGF-B-expressing cells. The analyses were performed with a monoclonal anti-BrdUrd antibody together with a polyclonal anti-von Willebrand factor antibody
(a and b). Arrows show positive staining of proliferative nuclei in blood vessels. Arrowheads indicate BrdUrd staining only in the nuclei of tumor cells. Three
to five serial sections from four to six individual tumor samples of each type were analyzed independently. Experiments were repeated two additional times with
similar results. B: Increased proliferative index in both total cell (left columns) and ECs (right columns) in the PDGF-B-expressing gliomas. Quantitative
analyses of immunohistochemistry data were done as described in Materials and Methods. Original magnification: �400 (A).
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Recruitment of Capillary-Associated Pericytes
by Co-Expressing PDGF-B in U87MG/VEGF165

Gliomas Promoted Vessel Maturation and
Inhibited VEGF-Induced Intracranial
Hemorrhage

To further demonstrate that PDGF-B could recruit peri-
cytes into rapidly growing vessels and enhance vessel
maturation, we overexpressed PDGF-B in U87MG
VEGF165-overexpressing tumors. We have previously re-
ported that overexpression of VEGF165 by U87MG cells at
levels of 150 ng/ml/106 cells or higher caused tumor-
associated intracranial hemorrhage.20 We postulated
that co-overexpression of PDGF-B in the U87MG/
VEGF165 gliomas would facilitate vessel maturation by
attracting pericytes into rapidly growing vessels, thus
inhibiting VEGF-induced intracranial hemorrhage. To test
our hypothesis, we implanted the following types of cells
into mouse brains: an equal admixture of U87MG and
VEGF165 cells or equal admixtures of U87MG/B (B-4) with
U87MG/V/B (V/B-22) clone cells. Both admixtures had a
final level of VEGF165 expression that was 150 ng/106

cells per 48-hour culture period in vitro. This level of VEGF
secretion was sufficient to promote vigorous vessel
growth without causing death of the mice.20,24 The pur-
pose of mixing U87MG/B and U87MG V/B cells was to
assure that 100% of U87MG cells would overexpress
PDGF-B. As we reported previously, mice that received
the admixture of parental and VEGF-expressing cells
developed intracranial hemorrhages in 5.14 � 0.2 days
(14 of 14 mice). Moreover, implantation of the admixture
of PDGF-B and V/B cells caused no observable or punc-
tuated hemorrhage in mouse brains in 5.32 � 0.07 days
(13 of 14 mice, P � 0.001; Table 2). We analyzed these
U87MG tumors by immunohistochemical staining using
the anti-CD31 and the anti-desmin antibodies. As shown
in Figure 5, when PDGF-B is overexpressed in the
U87MG/VEGF165 gliomas, the neovessels that rapidly
formed in the vicinity of VEGF165-overexpressing tumors
(Figure 5A, a)20 migrated into the central region of V/B
tumors, but few or no hemorrhages were found [Figure
5A (b) and Table 2]. Quantitative analysis on the densities
of the tumor vessels showed that there was only a 1.16-
fold increase of total vessel densities in the V/B gliomas
than that in the VEGF165 tumors (Figure 5B). However, a
3.37-fold increase of desmin-positive vessel densities
(more than 80% of the total vessels) were found in the V/B
tumors than that in the vicinity of U87MG/VEGF165 tumors
[Figure 5, A (d) and B]. These results suggest that over-
expression of PDGF-B in U87MG/VEGF165 tumors re-
cruited significant numbers of pericytes into vigorously
growing vessels, leading to promote neovessel growth
and migration. The facilitated vessel encapsulation pro-
tected these otherwise naked vessels from rupture.

Discussion

In the present study, we demonstrate that PDGF-B acts
through a paracrine mechanism in human U87MG glioma

Figure 5. PDGF-B augments U87MG glioma angiogenesis by promoting
vessel migration and recruiting vessel-associated pericytes. A: Immunohisto-
chemical analyses of gliomas formed by either VEGF165- or VEGF165/PDGF-
B-expressing cells. The analyses were performed with the anti-CD31 anti-
body (a and b), the polyclonal anti-desmin antibody (c and d), the
polyclonal anti-VEGF antibody (e and f), and the polyclonal anti-PDGF-B
antibody (g and h). Arrows show positive staining for blood vessels (a and
b) or pericytes (c and d) or VEGF (e and f) or PDGF-B (g and h). Areas
shown in a, c, and b, d or e, g, and f, h are immunohistochemical staining
in identical areas from the same individual mouse brains. Five serial sections
from five or six individual tumor samples of each type were analyzed
independently. Experiments were repeated two independent times with
similar results. B: Increased recruitment of vessel-associated pericytes in
U87MG/VEGF/PDGF-B-expressing gliomas. Quantitative analyses of immu-
nohistochemistry data were performed as described in Materials and Meth-
ods. Original magnifications in A: �40 (a, b, c, and d); �400 (e, f, g, and h).
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cells. In vitro, treatment by recombinant PDGF-B protein
on U87MG cells caused tyrosine phosphorylation in en-
dogenous PDGF-R� in these cells. However, U87MG
cells that were stimulated by recombinant PDGF-B or
exposed chronically to overexpressed PDGF-B by
U87MG cells did not increase the secretion of VEGF or
promote cell proliferation in both U87MG parental and
PDGF-B-overexpressing cells. In vivo, overexpression of
PDGF-B by U87MG gliomas augmented VEGF expres-
sion in tumor endothelia and recruitment of pericytes to
growing neovessels. Increased tumor angiogenesis and
elicited proliferation of ECs and tumor cells in U87MG
PDGF-B-expressing tumors resulted in an increase of tu-
morigenicity in mouse brains. In addition, co-overexpres-
sion of PDGF-B with VEGF by U87MG gliomas greatly fa-
cilitated the recruitment of pericytes into vigorously growing
neovessels and promoted vessel migration.

PDGF-B plays a major role in human gliomagenesis.14

Expression profiles of PDGF and PDGF-R in primary hu-
man glioma tissues suggest that PDGF acts both in au-
tocrine and paracrine pathways during glioma progres-
sion.12,14,15 Several studies indicate autocrine signaling
of PDGF in gliomas. PDGF-B stimulated cell growth and
tumor formation of human T98G glioma cells that express
endogenous PDGF-R�.30 Somatic cell type-specific ex-
pression of PDGF-B in either nestin-expressing neural
progenitors or glial fibrillary acidic protein-expressing as-
trocytes induced oligodendrogliomas and oligoastrocy-
tomas from the neural progenitors and astrocytes in
mouse brains, suggesting autocrine stimulation by
PDGF-B in both somatic cell types is potentially sufficient
to promote gliomagenesis.31 A survey of 11 brain tumor
cell lines and 5 primary glioma specimens showed that all
four PDGF ligands (-A, -B, -C, and -D) except PDGF-B,
PDGF-R�, and PDGF-R� are expressed in the glioma cell
lines and tissues. A synthetic inhibitor, CT52923, that
specifically inhibits the tyrosine kinase activity of
PDGF-R, blocked PDGF autocrine-mediated phosphory-
lation of PDGF-R, Akt, and mitogen-activated protein ki-
nase. CT52923 also inhibited soft agar colony formation
in cell culture and reduced tumor formation by a glioma
cell line in mice.32 Moreover, lack of expression of
PDGF-B in 6 of the 11 glioma cell lines including U87MG
cells examined in this study implicates that a paracrine
pathway by PDGF-B/PDGFR-� may exist in the glioma
cells.32 In addition to genetic evidence of the existence of
a paracrine signaling by PDGF-B/PDGFR-� in glio-
mas,12,15 other reports support that PDGF-B may also act
by a paracrine mechanism in promoting tumor growth
and angiogenesis. In vitro, PDGF-B stimulated cell prolif-
eration and cord/tube formation of vascular ECs that
express PDGF-R�, but had no effect on nonangiogenic
and PDGF-R�-negative ECs.28 Stimulation of fibroblasts
and ECs by PDGF-B increased the expression of VEGF
through the Akt signaling pathway in these cells.18,19 In
addition, EC-derived PDGF-B and heterotypic cell-cell
interactions of ECs and mural cell precursors mediated
EC-induced recruitment and proliferation of mesenchy-
mal 10T1/2 cells.4 In vivo, in WM9 melanoma cells33 and
immortalized HaCat keratinocytes that lack endogenous
PDGF-R�,16 overexpression of PDGF-B by these cells

stimulated tumor formation, neovascularization, and stro-
mal cell proliferation. Our data corroborates and extends
these observations that PDGF-B stimulated U87MG gli-
oma angiogenesis and tumor growth by a paracrine
mechanism. In U87MG glioma cells, although PDGF-B
caused phosphorylation of the endogenous PDGF-R�, no
effects by PDGF-B on cell proliferation or VEGF expres-
sion were found in U87MG cells. These results suggest
that the PDGF-B/PDGF-R� autocrine pathway may not be
intact in U87MG cells, at least in mediating the stimulation
of VEGF expression or cell mitogenesis. On the other
hand, no study had demonstrated a tumor model system
in which the paracrine pathway of PDGF-B/PDGF-R� en-
hances tumor angiogenesis by recruiting SMCs/pericytes
into developing tumor vessels. Our results here show that
in addition to increasing VEGF expression in tumor en-
dothelium, overexpressed PDGF-B promoted vessel as-
sembly by attracting more pericytes into growing tumor
vessels.

We have previously shown that overexpression of spe-
cific VEGF isoforms in human U87MG glioma cells
caused vigorous growth of neovessels in tumors leading
to intracranial hemorrhage.20 We hypothesized that rapid
EC proliferation induced by VEGF led to form naked
tumor capillaries. The absence of pericytes surrounding
these vessels could result in the development of struc-
turally defective vessels capable of causing hemorrhage.
Our data supported this hypothesis. When PDGF-B and
VEGF were overexpressed simultaneously in U87MG gli-
omas, VEGF-induced hemorrhage was inhibited. The
VEGF-induced neovessels migrated into the central re-
gions of the tumor concurrent with VEGF-induced hem-
orrhage. The absence of hemorrhagic neovessels in the
V/B-expressing tumors was probably because of an in-
crease in the number of capillary-associated pericytes
that enhanced maturation of the rapidly growing vessels,
thereby, preventing vessel rupture. Thus, overexpression
of PDGF-B in the VEGF-induced tumor-associated hem-
orrhage model further demonstrated another important
role of PDGF-B in angiogenesis that PDGF-B recruits
pericytes into growing neovessels during glioma angio-
genesis.

In summary, our data show that PDGF-B stimulates
human U87MG tumor angiogenesis through a paracrine
pathway. PDGF-B enhances glioma angiogenesis and
growth by stimulating VEGF expression in tumor endo-
thelium that increases EC mitogenesis, and by promoting
recruitment of pericytes into growing vessels, thus facil-
itating vessel assembly. Clearly, our results have clinical
relevance to the process of glioma progression. At early
stages of human glioma development (grades I, II, and III
astrocytomas), there is little or no angiogenesis. There
are no hypoxic conditions in these tumors that would
stimulate the expression of VEGF. We hypothesize that in
low-grade gliomas, overexpressions of PDGF-B in tumor
cells and PDGF-R� in ECs12,15 might be part of an an-
giogenic switch that up-regulates VEGF and enhances
vessel growth, thus promoting glioma progression. Dur-
ing the later stages of glioma development, hypoxia and
increased expression of other growth factors or genes in
the tumors augments the expression of VEGF, which in
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turn results in vigorous growth of blood vessels. Contin-
uous high levels of expression of PDGF-B and PDGF-R�
in high-grade gliomas further up-regulate VEGF in the
tumor endothelium leading to recruitment of pericytes.
These events would allow rapid neovascularization in
malignant gliomas to occur. Thus, demonstration of the
roles of PDGF-B in glioma progression would provide
pivotal information for targeting the PDGF-B/PDGF-R�
pathway, along with inhibition of the VEGF/VEGF-R path-
way in the clinical treatment of human gliomas.
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